The spiro attachment of an epoxide group to a tetrahydropyran ring in the trichothecene mycotoxins has prompted this study of the mutagenicity and alkylation rates of the trichothecene, anguidine, and 5 related model oxaspiro compounds. While the model compounds were weak alkylating agents of 4-(4-nitrobenzyl)pyridine as a test nucleophile, anguidine lacks such activity. Also, while mutagenicity was not established for anguidine in Salmonella TA100, 3 of the oxaspiro compounds were weakly mutagenic and 2 compounds were toxic to the bacteria. The toxicity and mutagenicity of the model compounds are more related to their polarity than to their alkylation rates.
The spiro attachment of an epoxide group to a tetrahydropyran ring in the trichothecene mycotoxins has prompted this study of the mutagenicity and alkylation rates of the trichothecene, anguidine, and 5 related model oxaspiro compounds. While the model compounds were weak alkylating agents of 4-(4-nitrobenzyl)pyridine as a test nucleophile, anguidine lacks such activity. Also, while mutagenicity was not established for anguidine in Salmonella TA100, 3 of the oxaspiro compounds were weakly mutagenic and 2 compounds were toxic to the bacteria. The toxicity and mutagenicity of the model compounds are more related to their polarity than to their alkylation rates.
The presence of an epoxide group in a spiro attachment to a tetrahydropyran ring is a predominate feature of trichothecene mycotoxins. With the growing awareness of the contribution of trichothecenes to the potential health hazards of toxic mold contamination of grains, a large number of these mycotoxins have been isolated and characterized. Furthermore, their biological properties, especially their acute toxicity, have been examined (Bamburg and Strong, 1971; Ueno, 1983; Betina, 1984) . One of the trichothecenes, anguidine (1), has been evaluated in phase II clinical trials as an antineoplastic agent where its acute toxicity prevented continued testing (Roush et al., 1985) .
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There has also been considerable attention directed towards the trichothecenes as possible chemical warfare agents in regard to the yellow rain affair (Ember, 1984) .
The carcinogenicity, teratogenicity and mutagenicity of the mycotoxins in general have been reviewed and only limited positive results are indicated for trichothecene compounds (Stark, 1980; Hayes, 1981) . In a study of fusarium toxins, 6 trichothecenes have been tested for their mutagenicity in Salmonella strains TA98, TA100, TA1535 as well as TA1537 and found not to be mutagenic with or without the presence of an $9 liver fraction (Wehner et al., 1978) . This lack of mutagenicity in the Ames test (Maron and Ames, 1983) is not unexpected based upon the reduced mutagenicity of 1,1-disubstituted epoxides (Wade et al., 1978) .
However, since the epoxide moiety of trichothecenes has been reported to be essential for the biological activity of these compounds (Ueno, 1977) , it was of interest to compare the mutagenicity of model oxaspiro compounds where the epoxide would be in a less complex structure. Indeed, as part of a previous structure-mutagenicity study of cycloaliphatic epoxides, we reported that cyclohexylidene oxide (1-oxaspiro[2,5]octane) was weakly mutagenic with Salmonella strain TA100 (Frantz and Sinsheimer, 1981) . It is the purpose of the present investigation to extend this previous study by synthesizing additional model compounds which together with cyclohexylidene oxide and anguidine could be compared as to their mutagenicity in the Ames test for an initial evaluation of the genotoxicity of the oxaspiro moiety.
Materials and methods

Test compounds
The starting materials for the synthesis of the oxaspiro compounds were purchased from Aldrich Chemical Company (Milwaukee, WI). Cyclohexylidene oxide was obtained from the Alfred Bader Chemicals Division of Aldrich and was used without further purification.
Anguidine (4fl,15-diacetoxy-3 a-hydroxy-12,13-epoxytrichothec-9-ene; diacetoxyscirpenol) was a gift from Dr. M.A. Marietta, University of Michigan. The desired oxaspiro compounds were prepared by the procedure of Corey and Chaykovsky (1965) by reaction of the corresponding ketone with dimethyloxosulfonium methylide. The required ketone for 3-tetrahydropyranylidene oxide was synthesized from 3,4-dihydro-2H-pyran by hydroboration (Brown et al., 1985) followed by oxidation of the resulting 3-pyranol with Jones reagent (Eisenbraun, 1965) . These intermediates and all final oxaspiro compounds were purified by distillation under reduced pressure and if necessary were redistilled until their IR and NMR spectra were consistent with their structures. The synthesis of 4-tert.-butylcyclohexylidene oxide has been previously reported by Corey and Chaykovsky (1965) , and that of 2-decalenylidene oxide by Carlson and Behn (1967) .
TLC was used to monitor reactions, determine Rf values and examine the purity of test compounds. Analtech (Newark, DE) prescored silica-GF Uniplates (2 cm x 10 cm, 250 /~m) and CH2C12-MeOH (98:2) as the solvent were employed. A compound was considered suitable for mutagenicity testing when a sample (2 /~1, 10% CH2CI 2 solution) after TLC development showed one homogeneous spot upon alkylation of 4-(4-nitrobenzyl)pyridine (Hammock et al., 1974) . Partition coefficients were obtained by reversed phase HPLC (Carlson et al., 1975) with the system as previously described (Rosman et al., 1986) but with an Altex (Berkeley, CA) model 156 refractive index detector. The mobile phase was methanolwater (1 : 1) at a flow rate of 1 ml/min.
A comparison of the chemical reactivities of the oxaspiro compounds was obtained by reacting 0.2 /~mole of each compound with 4-(4-nitrobenzyl) pyridine (Aldrich) at 60 °C for 60 min as previously described (Nelis et al., 1982) . It was necessary with some lots of 4-(4-nitrobenzyl)pyridine, in order to obtain a satisfactory blank in this colorimetric test, to remove traces of a color-producing impurity by extracting an ether solution of the reagent with water prior to recovery of the reagent from the ether solution.
Mutagenicity assay
Dose-response relationships were determined using Salmonella typhimurium strain TA100 without $9 activation in the plate incorporation assay as described by Maron and Ames (1983) . Following evaluation of each compound for dose-response relationships, doses of 2.5 and 5.0 /~moles/plate were selected for concurrent testing of the relative mutagenicities of the oxaspiro compounds using bacteria from the same overnight culture. All tests were run in triplicate.
Results and discussion
The structure and physical-chemical properties of the model oxaspiro compounds are given in Table 1 and include NMR data in confirmation of the desired structures. The HPLC-partition coefficient data in Table 1 in comparison to cyclohe- Carlson et al. (1975) .
d Absorbance (+ SD) at 560 nm after 60 min at 60 o C with n = 6. e At 270 MHz in CDCI 3. f NMR included trace extraneous peaks at 8 2.4 and 4.5. Repeated distillation of this compound while not removing these bands did produce a 4-(4-nitrobenzyl)pyridine TLC puritv test consistent with the presence of only 1 alkylating agent.
xene oxide, indicated that we were dealing with compounds of 3 sets of polarity. 3-Tetrahydropyranylidene and 4-tetrahydropyranylidene oxide are more polar than cyclohexene oxide while 4-tert.-butylcyclohexylidene as well as 2-decalenylidene oxide are considerably less polar. Cyclohexylidene oxide is of intermediate polarity. Reactivity with 4-(4-nitrobenzyl)pyridine as a measure of the chemical alkylating ability of these compounds is also reported in Table 1 . The relatively strong reaction conditions of 60 °C for 1 h were used for this set of compounds after determining color development was exceedingly slow at 37°C with the strongest alkylating compound, 4-tetrahydropyranyl oxide, only reaching an absorbance of 0.075 after 1 h. The conditions used for our alkylation comparison were found to be on the linear portion of the reaction rate curves in regard to both concentration and reaction time for these compounds. Among the model oxaspiro compounds, the weakest alkylating agent in the present series, cyclohexylidene oxide, is stronger than the 1,2-disubstituted epoxides cyclohexene oxide (0.024 + 0.003) and cyclopentene oxide (0.011_ 0.002) while the trichothecene, anguidine, was inactive (0.003 + 0.003) when run under the same conditions. Although the alkylating ability of the oxaspiro compounds is in the same order of magnitude as our previous series of 1,1-disubstituted epoxides, the para-substituted ct-methylstyrene oxides (Rosman et al., 1986) , they are less active in this regard than the monosubstituted propylene and butylene oxides (Rosman et al., 1987) or the glycidyl ethers (Rosman et al., 1988) . The results for the mutagenicity testing with Salmonella TA100 of our model oxaspiro compounds in comparison to anguidine are shown in Table 2 . Differences in toxicity to the bacteria is a dominant feature in attempting comparative mutagenicity testing in this series of compounds.
Two of the compounds, 4-tert.-butylcyclohexylidene and 2-decalenylidene oxides could only be tested at the lower concentrations before there was a noticeable reduction in background lawn. Cyclohexylidene oxide also showed signs of toxicity but only at the exceptionally high concentration of 60 /xmoles/plate while 3-and 4-tetrahydropyranylidene oxide were not toxic even at this dose.
Direct comparisons of mutagenicities were made at the same time from the same overnight culture of bacteria with compound concentrations of 2.5 and 5.0 /~ moles/ plate. While statistically significant differences in revertants per plate compared to the negative controls were established for the 3-and 4-tetrahydropyranylidene and cyclohexylidene oxides at the 2.5-/~mole concentration, none of these cyclic 1,1-disubstituted epoxides are strong mutagens. In this regard they are similar to the cyclic 1,2-disubstituted epoxides (Jung et al., 1981; Frantz and Sinsheimer, 1981) and exhibit the previously observed reduction in mutagenicity of the 1,1-disubstituted aliphatic epoxides in comparison to their mono-substituted analogues (Wade et al., 1978) . Our finding of a lack of mutagenicity for anguidine at even higher concentrations con- e Dose showed slight precipitation in agar. * Indicates lowest dose for which the means of revertants are significantly greater than the mean of the controls ( p < 0.05) based on square-root-transformed data using Durmett's control group comparison test (one-sided). * * Same as above where p < 0.01. firms the report of Wehner et al. (1978) of the absence of mutagenicity for this and similar trichothecene toxins.
As we have previously observed with monosubstituted epoxides (Rosman et al., 1987 (Rosman et al., , 1988 , relative reactivity with 4-(4-nitrobenzyl)pyridine is not a reliable predictor of mutagenicity within the present oxaspiro series. Certainly, the relative polarity of these compounds has to be considered. The more polar compounds (the compounds with the lowest HPLC-partition coefficients), 4-tetrahydropyranylidene and 3-tetrahydropyranylidene oxides, were the most mutagenic compounds. Cyclohexylidene oxide with intermediate mutagenicity and toxicity has intermediate polarity. In contrast, 4-tert.-butylcyclohexylidene and 2-decalenylidene oxides, the most non-polar compounds, were the most toxic to the Salmonella and no mutagenicity could be established for these two compounds.
The fact that the 2 compounds with the epoxide attached to a tetrahydropyran ring, as is the case for the trichothecenes, have the greatest mutagenicity is of interest. However, a broad conclusion cannot be made from this observation because of the onset of toxicity at the lower doses for two of the non-pyran derivatives which limits the direct comparison of mutagenicity for these 4 compounds. It is concluded from this study of model compounds that the epoxide moiety in the oxaspiro form does not increase the alkylating activity nor mutagenicity with Salmonella over that expected for 1,1-disubstituted epoxides in general. Thus, these aspects of genotoxicity testing do not lead to an explanation for the extreme biological activity reported for the trichothecene mycotoxins.
